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A B S T R A C T 
 
Catalysts of carbon monoxide oxidation were synthesized by deposition of platinum on titanium 
nitride (TiN). Two substrates with an average particle size of 18 and 36 nm were obtained by 
hydrogen reduction of titanium tetrachloride in a stream of microwave plasma of nitrogen. The 
surface of the catalysts was studied by X-ray photoelectron spectroscopy (XPS).  The CO 
oxidation rate on the 9‒15 wt.% Pt loaded TiN catalysts was found to be 120 times higher than 
that on platinum black with a specific surface of 30 m
2
/g. Such catalysts are promising for use in 
catalytic air purification systems.  
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Titanium nitride (TiN) is widely used due to its hardness, high electrical 
conductivity, corrosion resistance and high melting point [1‒3], as well as its 
decorative properties, since its reflection spectrum is very similar to the reflection 
spectrum of gold [4‒7]. Recently, TiN has been used as a catalyst (electrocatalyst) 
for oxygen reduction reactions [8–13], and as a substrate for M/TiN catalysts, 
where M is a metal [14–21]. 
 Catalytic oxidation of CO has received considerable attention in the related 
scientific literature (see, for example, publications [22–30] and references to them), 
due to its wide applications in exhaust gas after-treatment, CO oxidation for proton 
exchange membrane fuel cells and air purification systems. In this paper we focus 
*Manuscript
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on low-temperature oxidation of CO in catalytic air purification systems. We 
hasten to note that the term “low-temperature oxidation” is rather a tribute to the 
tradition originating from the work of Haruta et al. [31], who reported that Au can 
be a highly active catalyst for the oxidation of CO at temperatures below 0 
o
C. In 
principle, it is desirable to have catalysts in the air purification systems of 
residential premises, which work effectively at room temperature (15-25 °C). 
In this report, we present data on the synthesis and study of the properties of 
Pt/TiN catalysts for efficient room-temperature CO oxidation. Nano-sized TiN 
powder obtained by hydrogen reduction of titanium tetrachloride in a stream of 
nitrogen plasma was used as a substrate for the preparation of catalysts [32–33]. 
The study of the properties of catalysts in the oxidation of CO, which is contained 
in air at low concentrations (less than 100 mg/m
3
) at 295 K, showed that the CO 
oxidation rate on the 9‒15 wt. % Pt loaded TiN catalysts is 120 times higher than 
that on  platinum black with a specific surface of 30 m
2
/g. 
 
EXPERIMENTAL 
Titanium Nitride Synthesis 
Titanium nitride powders were obtained by hydrogen reduction of titanium 
tetrachloride in a stream of microwave plasma of nitrogen at atmospheric pressure. 
A mixture of titanium tetrachloride vapors with hydrogen in the required ratio was 
introduced into a plasma nitrogen stream with a mass-average temperature of about 
3000 K, obtained in a p lasmatron using a microwave generator with a frequency 
of 2450 MHz and maximum useful power of 5 kW. 
The particle size of the obtained powder was controlled by changing the 
flow rate of TiCl4, which was 0.1 g/min in obtaining TiN powder with an average 
particle size of 18 nm and 0.25 g/min in obtaining powder with an average particle 
size of 36 nm. Consumption of the plasma-forming nitrogen was 4 m
3
/h and 
consumption of the hydrogen was 0.5 m
3
/h in both cases. Chemical interaction of 
reagents and condensation of titanium nitride nanoparticles occurred in a tubular 
  
reactor with a diameter of 50 mm and a length of 250 mm, the inner walls of which 
were lined with quartz. The titanium nitride particles which formed in the reactor 
after cooling the stream were separated from the gas phase by filtration using a bag 
filter. 
The average particle size of titanium nitride was determined by measuring 
the specific surface of the powders by low-temperature adsorption of molecular 
nitrogen (BET method). The particle size l was calculated by the formula Sss = 
6/(lρ), where Sss is the specific surface of the powder and ρ is the specific density 
of titanium nitride. 
 
Catalyst preparation 
To obtain a catalyst, an aqueous solution of H2PtCI6 6H2O (10
-2
 mol/l) was 
mixed with an aqueous solution of LiCOOH (0.04–0.1 mol/l) at 20 °C. Then, TiN 
was ultrasonically dispersed in water at 60 °C, followed by addition of the required 
amount of Pt in the form of an H2PtCl6/LiCOOH mixture. A similar method has 
been described in detail earlier [20]. 
After the induction period (8–15 minutes), platinum clusters precipitated on the 
surface of titanium nitride. The solution was kept at room temperature for 24 
hours, after which the catalyst was washed from the reaction products with distilled 
water (5–6 times). 
Washed catalyst was dried at a temperature of 80 °C for 24 hours. Partial reduction 
of platinum clusters was then carried out in a CO-N2 atmosphere (volume fraction 
of CO was 10%) at a temperature of 90 °C for 4 hours. Two catalysts K18 and K36 
with a platinum content of 12 wt. % were selected as the main objects of study. 
TiN of particle size of 18 ± 2 nm and 36 ± 2 nm was used as a substrate in the K18 
and K36 catalysts, respectively. 
 
  
Sample characterization  
Surface areas of the TiN samples were obtained from N2 sorption isotherms 
measured at 77 K on QUADRASORB SI Analyzer (Quantachrome Instruments). 
X-ray patterns were recorded using a DRON ADP-2-02 diffractometer with Cu Kα 
anode (λ = 0.154056 nm). A JEOL JEM 2100 electronic transmission microscope 
was used to study the structure and composition of Pt/TiN catalysts. An Acculab 
ALC-80d4 analytical scale was used to weigh the reagents and samples. 
XPS spectra were obtained using a Specs PHOIBOS 150 MCD electron 
spectrometer with an Mg cathode (hν = 1253.6 eV). The vacuum in the 
spectrometer chamber did not exceed 4 × 10
–8
 Pa. The spectra were recorded in the 
constant transmission energy mode (40 eV for survey spectra and 10 eV for 
individual lines). The survey spectrum was recorded in 1.00 eV increments, while 
the spectra of individual lines were recorded in 0.03 eV increments. Background 
subtraction was carried out according to the Shirley method [34], and spectra 
decomposition was performed according to the set of mixed Gaussian/Lorentz 
peaks in the framework of the Casa XPS 2.3.19 software. For quantitative 
estimates, we used the table values of specific densities (4.24 g/cm
3
 for TiO2 and 
5.44 g/cm
3
 for TiN), as well as the following values of photoelectron escape depths 
[35]: λ1 =      
     = 3.08 nm, λ2 =      
    = 1.73 nm. 
 
Method for the study of catalytic properties 
 The kinetics of CO oxidation in air on the catalyst was studied according to 
the method described in detail earlier [36]. In brief, the test chamber was purged 
for 600 s with a gas mixture of carbon monoxide (150 mg/m
3
) and air at a speed of 
50 cm
3
/s. The inlet and outlet valves of the test chamber were then closed and the 
air/gas mixture pump located in the test chamber was turned on, ensuring 
circulation of the gas mixture through the catalyst at a speed of 30 cm
3
/s. After the 
concentration of CO was reduced due to the catalytic reaction to the level of 100 
mg/m
3
, a digital stopwatch was turned on and the readings of the sensors were 
recorded. The test chamber with a volume of 300 сm3 was equipped with NAP-505 
  
CO sensor (Nemoto), MSH optical sensor CO2 – P/CO2/NC/5/V/P (Dynament), 
humidity sensor and temperature sensor SHT75 (Sensirion). 
 
RESULTS AND DISCUSSION 
Titanium Nitride 
There are many publications in the literature devoted to TiN, considering that it is 
of great practical interest, including investigation by XPS method [37‒44]. 
However, the interpretation of experimental data obtained by XPS is somewhat 
different for different authors. This conclusion relates primarily to quantitative 
estimates which are connected both with different ways of subtracting the 
background in the XPS spectra and with the complexity of the object itself. 
The fact is that titanium nitride exists as a homogeneous phase over a 
relatively wide range of compositions and has a tendency to oxidation. The 
composition and structure of the oxidized layer on the surface of titanium nitride 
depends on both the preparation method and storage conditions, and on the particle 
size. 
Fig. 1 shows a survey spectrum of one of the samples of plasma-chemical 
titanium nitride (36 nm). We note immediately that the spectra of other samples are 
not fundamentally different from those given. Table 1 lists the elemental content 
(in atomic percent) in the layer analyzed by XPS (2-4 nm). We see that the nitride 
particles are covered with a thick layer of contamination, the origin of which is 
associated with the high activity of titanium nitride nanoparticles and the 
conditions of their sufficiently long storage in air. As for the presence of silicon 
and sulfur in the sample, these are associated with the technology used for 
producing titanium nitride. 
 
 
  
Table 1. XPS composition of the samples under study  
Sample  Composition (at. %) 
 C  N  O  Pt  Si  Ti  S  
TiN (36 nm) 58.8 6.3 23.3 -- 2.5 7.1 1.8 
К36 75.9 1.8 15.4 0.4 1.2 4.9 >0.1 
К18 54.3 5.6 26.5 0.9 0.2 12.3 >0.1 
 
 
Fig. 1. XPS survey spectrum of the TiN. 
 
Let us analyze the shape of the spectra of Ti2p and N1s. The Ti2p spectrum 
of an individual titanium compound is known to be a spin-orbit doublet, which is 
described by two peaks (Ti2p1/2 and Ti2p3/2) with an intensity ratio of 1: 2 and a 
distance between the peaks of 5.7 eV [45]. 
  
The experimental Ti2p spectrum of our titanium nitride is well described by 
6 peaks or 3 doublets (Fig. 2) corresponding to titanium in nitride (1), oxynitride 
(2) and oxide (3). The positions and relative intensities of the Ti2p3/2 peaks are 
shown in Table 2. 
 
Fig. 2. XPS Ti2p spectrum of the titanium nitride. 
 
Table 2. Peak positions, full width at half-maximum (FWHM) and intensities of 
the Ti2p3/2 peaks obtained by decomposing the Ti2p spectra of the samples under 
study. For designation of the parameter “d”, see the text. 
 
Sample Peak Eb, eV  FWHM, eV  I, %  d, nm  
  1  455.7  1.8  15.1   
TiN  2  457.3  1.7  6.9  3.7 (1.33) 
  3  459.0  1.8  44.7   
  1  456.1  2.0 30.3  
K18  2  457.6  1.6 11.2 1.6 (0.71) 
  3  459.1  1.7  25.1  
  1  455.8  1.9  29.4  
K36  2  457.4  1.7 13.1 1.5 (0.67) 
  3  458.9  2.1  24.1  
 
 
The thickness of the oxide film d can be calculated by a simple formula (see, 
for example, [34]): 
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where I1 and I3 are the intensity of the peaks in Table 2, σTi2p is ionization cross 
section of Ti2p level,       
     is the escape depth of Ti2p photoelectrons from the 
oxide layer on the surface of the nitride.  
Formula (1) for nanoparticles gives an overestimated value of d (Table 2), 
since it is derived for a flat infinite sample coated with an oxide film, and does not 
take into account the contributions to the intensity I3 of the oxide film from the side 
surfaces of the TiN nanoparticles. 
Calculation of the intensities I1 and I3, carried out for a cubic nanoparticle of 
titanium nitride coated on all sides with an oxide layer (l – is the edge of the TiN 
cube, d – is the thickness of the oxide layer on it), assuming that the emission of 
photoelectrons is recorded in the direction perpendicular to one of the faces of the 
cube, gives the following expressions: 
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Estimation of the values of d by Eqs (2) and (3) gives values of 0.71 nm and 0.67 
nm for K18 and K36, respectively. These estimates are shown in Table 2 in 
parentheses. Note that the calculation by formulas (2) and (3), in accordance with 
the simplification carried out, gives underestimated values of the oxide layer 
thickness. 
  
In the spectrum of N1s (Fig. 3), in addition to the main peak related to 
nitrogen in the mononitride lattice (Eb = 397.1 eV) (see, for example, [37, 45]), we 
can also distinguish 2 peaks with Eb = 399.2 and 401.6 eV (Table 3). According to 
data from the literature [46–47], the peak with Eb = 399.2 eV can be associated 
with nitrogen atoms in the lattice of the oxynitride Ti(N,O). The peak with Eb = 
401.6 eV is often attributed in the literature to molecular nitrogen formed during 
the oxidation of nitride [47–49]. However, in the XPS spectra of transition metal 
(M) complexes with molecular nitrogen (M-N2), the N1s line is split into 2 peaks 
[50–54]. If we assume that N2 is coordinated in the same way as in a binuclear 
complex (M-N-N-M), then the value of Eb (N1s) should be the same as for the exo 
atom of the mononuclear complex, i.e., below the specified value by at least 1 eV. 
In our opinion, the origin of the peak with Eb = 401.6 eV is still questionable. 
Moreover, many authors have not noted this peak in the XPS spectra of the 
samples of titanium nitride studied by them. In our opinion, adsorbed NO 
molecules, nitrogen atoms in the TiO2 lattice and N1s photoelectrons from nitride 
nitrogen, which have lost some of their energy due on the excitation caused by 
electron transitions from the conduction band to the free band, can contribute to 
photoemission in the region near 401.6 eV. 
 
  
 
 
Fig.3. N1s XPS spectrum of the titanium nitride. 
Table 3. Positions, half-widths and intensities of peaks obtained by decomposing 
the N 1s spectra of the initial titanium nitride and catalysts. 
 
Sample   Peak  Eb, eV   FWHM, eV   I, %   
   1   397.1 2.3  71.3 
TiN   2   399.2  2.5 19.3 
   3   401.6 2.8   9.2 
   1   397.1 2.0  18.1 
K18   2   399.4  2.6  80.1 
   3   401.6  1.9   1.7 
   1   397.1 2.7 30.8 
K36   2   399.4  2.3 61.4 
   3   401.6 2.7   7.7 
 
 
  
Thus, the particles of initial titanium nitride are covered with a rather thick 
film of titanium oxide, which contains nitrogen atoms. Between the nitride and the 
oxide on its surface is a thin layer of oxynitride. 
The stability of bulk samples of titanium nitride in an oxidizing environment 
is well known. It is clear that the density of titanium atoms in TiO2 is noticeably 
lower than that in TiN (data on the specific density of TiO2 and TiN are given 
above). Therefore, TiO2 on the surface of TiN cannot serve as a protective film 
preventing diffusion of oxygen to titanium nitride. However, many authors claim 
that the oxide film on the surface of titanium nitride consists of pure TiO2 [55‒56]. 
The data obtained by us in the present work and earlier [57‒59] indicate the 
presence of oxynitride as a transition layer between nitride and oxide. It is this 
layer that constitutes the barrier preventing the oxidation of nitride. This data also 
coincides with the conclusions of Ref. [60]. 
 
Catalysts 
The contents of elements (in atomic percent) in the near-surface layer of 
catalysts are presented in Table 1. As in the initial TiN, a rather thick hydrocarbon 
film can be seen on the catalyst surface (high carbon content). The reasons for the 
appearance of hydrocarbon contamination of the surface are listed above. It may be 
noted that in the process of preparing catalysts, the [N/Ti]at ratio, calculated from 
the integrated intensities of the N1s and Ti2p lines, decreases by a factor of 2. 
 The results of decomposition of the XPS spectra of Ti2p catalysts are 
presented in Table 2. It can be seen that the ratio of I3/I1 in catalysts is lower than 
in the initial titanium nitride. Consequently, the thickness of the oxide film on the 
surface of TiN in the catalyst is less than that in the initial TiN. How could this 
happen? 
It can be assumed that the reduction of surface titanium oxide also occurred during 
the reduction of platinum. However, a second question arises—in what form is the 
  
reduced part of the titanium oxide film present in the catalyst? Obviously, if the 
reduction to metal occurred, then contact with air will again lead to oxidation of 
the metal and formally nothing should change. It seems to us that ultrasonic mixing 
and subsequent washing with water cause the changes in the I3/I1 ratio during the 
deposition of platinum. In these operations, it is likely that the top friable layer of 
the oxide film gets mechanically destroyed and the separated fine oxide particles 
are removed from the sample during washing. Analyzing the data of Table 2, it 
should also be noted that the intensity of peak 2 (I2) in the catalysts is higher than 
that in the initial sample. 
On the N1s spectrum (Fig. 4) of the catalyst, the main peak is the peak with 
Eb = 399.2 eV. A synchronous increase in the intensities from the oxynitride layer 
in the N1s and Ti2p spectra means that the influence of this surface layer on the 
electronic properties of the surface has increased significantly. 
The direct contact of platinum with oxynitride cannot be excluded either, 
since the oxide layer does not have to be continuous. Consequently, the properties 
of the contact between the catalytically active metal (Pt) and the substrate in the 
catalyst under study may be differ significantly from those the Pt/TiO2 contact. 
The spectrum of Pt4f is well described by two doublets Pt4f7/2 and Pt4f5/2 
(Fig. 5), one of which, with Еb (Pt4f7/2) = 71.4 eV, corresponds in its position to 
metallic platinum, and the second (with Еb (Pt4f7/2) = 74.3 eV) to Pt
4+
 oxide. It 
should be noted here that the treatment of the catalyst with carbon monoxide does 
not lead to the complete reduction of platinum. 
  
 
Fig.4. XPS N1s spectrum of catalyst K32. 
 
 
 
Fig. 5. XPS Pt4f spectrum of K32 catalyst after treatment with carbon monoxide. 
 
 
 
  
We also note here that the intensity of the Pt4f line is noticeably lower than would 
be expected from the assumption of a homogeneous distribution of 12 mass. % 
platinum (Table 1). If we recalculate the surface composition of catalysts from 
atomic percent to mass, as given in this Table, then of course the proportion of 
platinum will increase; however, for both studied catalysts it will remain less than 
12 mass %. The reason for this may be that the distribution of platinum clusters is 
not homogeneous. Such a design naturally suppresses the output of Pt4f 
photoelectrons. For the system of platinum on TiO2, the phenomenon of strong 
metal-support interaction (SMSI) is often observed when the metal is covered with 
an oxide film [61‒62].  
 
X-ray patterns 
The titanium nitride obtained by us was found to have an NaCl type lattice. 
After deposition of platinum, the lattice parameter of titanium nitride does not 
change. Fig. 6 shows the diffraction patterns of catalysts. First, we note that the 
values of the full width at half maximum (FWHM) of the reflex Pt (111) in the X-
ray patterns of the samples under study are more than those for TiN (111).  This 
means that the sizes of platinum clusters are smaller than the particle sizes of the 
substrate. Using Scherrer's equation, the width of the Pt(111) line gives the 
coherence length Lc = 8 nm for K18. For K36, Lc = 12 nm. 
 
TEM 
Fig. 7 shows a surface image of catalyst K36. Platinum clusters with a size 
of 4–5 nm can be seen on the surface of titanium nitride particles. However, the 
distribution of platinum clusters cannot be called uniform. In the figure, you can 
see titanium nitride particles on which there are no Pt clusters. The presence of a 
large number of platinum clusters on some particles of titanium nitride and their 
absence on other particles of titanium nitride leads to a decrease in the surface 
concentration of platinum as determined by the XPS method. 
 
  
 
Fig. 6. X-ray patterns of TiN and K18 and K36 catalysts 
 
 
Fig. 7. TEM image of Pt clusters on the surface of TiN (36 nm) 
  
 
 
Catalytic properties of Pt/TiN samples 
An increase in CO2 concentration occurs at the same time as the decrease in 
the CO concentration in the test chamber, due to the irreversible oxidation reaction 
of CO with air oxygen. As can be seen from Fig. 8, the time dependence of the CO 
concentration in the test chamber with a catalyst is described by equation (4): 
 
ССО (t) = CCO(0) e
-k t
,    (4) 
where ССО (t) is the measured value of the concentration of CO in the test chamber, 
CCO (0) is the value of concentration of CO at the initial (zero) time, k is the 
reaction rate constant, t is the time. 
 
Fig. 8. Kinetics of CO oxidation at T = 295 K, P = 101 kPa and 30% humidity on 
K18 (1), K36 (2) catalysts and on Pt black (3) (at the same platinum content in the 
samples). 
The experimental data in Fig. 8 reveal that the reaction rate constant on K18 
is 120 ± 20 times higher than that of Pt black with a specific surface of 30 m
2
/g. It 
  
should also be noted that the reaction rate constant on K18 is 1.5 ± 0.1 times higher 
than that on K36. 
 
To study the effect of platinum content on catalytic properties, five samples 
of a catalyst based on titanium nitride with a particle size of 18 nm were 
synthesized and tested (Table 4). The investigation of the CO oxidation reaction of 
these samples was carried out according to the procedure described above. 
 
Table 4. The dependence of the catalytic properties of Pt/TiN on Pt content at T = 
295 K, P = 101 kPa, RH = 30% 
 
No 
sample 
VХ/ V12 
Sample weight 
g 
Pt content, 
mass % 
1 0.9 0.050 6 
2 0.95 0.033 9 
3 1.0 0.025 12 
4 0.95 0.020 15 
5 0.7 0.012 25 
 
 
 
When studying the catalytic properties, the mass of the catalyst was changed 
depending on the composition, leaving the same mass of platinum in each sample 
equal to 3 ± 0.3 mg. The reaction rates of CO oxidation for each sample were 
determined after processing the experimental data in accordance with equation (3). 
The ratio of reaction rates Vx/V12 was then determined, where V12 is the CO 
oxidation rate for a composition containing 12 mass % of platinum with the 
maximum rate of oxidation of CO, and Vx the rate of oxidation of CO for a catalyst 
containing x mass % Pt. The experimental results presented in Table 4 suggest that 
the oxidation rate of CO varies little when the platinum content is within an 
interval of 9 to 15 mass %. 
To determine the adsorption properties of platinum in the catalysts and in 
platinum black (90 mg), the absorption of CO from the gas phase was measured. 
The test chamber was flushed with dry nitrogen at a rate of 50 cm
3
/s for 100 s, and 
then purged with a mixture of CO and N2 for 5 s at a rate of 50 cm
3
/s. Then the 
  
inlet and outlet valves were closed and after 10 min the content of the volume 
fraction of CO was analyzed. For the analysis of CO, 3 cm
3
 samples were taken 
from the test chamber, and then the sample was injected into a measuring chamber 
filled with air. The number of CO molecules adsorbed by the Pt surface per unit 
mass of platinum was calculated using formula (5): 
 
NСО = (Cic – Cfc) Vo NA/(100 mPt VM)     (5) 
where Cic is the initial volume fraction of CO in %, Cfc is the final volume fraction 
of CO in %, Vo is the volume of the test chamber, NA is the Avogadro number, mPt 
is the mass of platinum in the catalyst in grams, VM is the molar gas volume. The 
mass of the catalyst was chosen so as to ensure that the value of the final 
concentration remained in the range from 0.45 to 0.55 of the initial volume fraction 
of CO equal to 1%. 
After processing the experimental results, the ratio of NCO(Pt/TiN)/NCO(Pt - 
black) was found to be equal to 3.8 ± 0.4 for K18 and 2.5 ± 0.3 for K36. The 
measurements were carried out at T = 295 K and P = 101 kPa. 
Thus, an increase in the reaction rate of CO oxidation on Pt/TiO2/TiN 
catalysts as compared to platinum black can be associated with both an increase in 
the concentration of CO molecules adsorbed and a decrease in the activation 
energy of the reaction. The reaction rate increases only by 3.8 ± 0.4 times due to 
increase in the concentration of CO molecules on the surface of platinum. 
Therefore, the main reason for the increase in the reaction rate is possibly 
associated with a decrease in the activation energy of the CO oxidation reaction. 
From the Arrhenius equation, it follows that with a 32 ± 5 times increase in the 
reaction rate, the calculated value of the decrease in activation energy will be from 
8.1 kJ/mol to 8.5 kJ / mol. The reason for the decrease in the activation energy can 
be, for example, the formation of oxide layers of platinum on the surface of the Pt 
cluster [63] or the influence of support (as in the case of support doping [64]). 
Conclusions 
  
New catalysts of carbon monoxide oxidation were synthesized by deposition 
of platinum on titanium nitride with an average particle size of 18 nm and 36 nm. It 
was established that: 
1) as a result of catalyst synthesis, the oxide film on the surface of 
titanium nitride is enriched with nitrogen, and its thickness decreases; 
2) surface content of Pt is less than volume content; 
3) treatment of the catalyst with carbon monoxide does not lead to the 
complete reduction  of platinum. 
The catalytic properties of Pt/TiN samples in the oxidation of CO at room 
temperature and low CO concentrations (less than 100 mg/m
3
) were studied. The 
reaction rate constant of CO oxidation on the 9‒15 wt.% Pt loaded TiN catalysts 
was found to be 120 times higher than that on platinum black with a specific 
surface of 30 m
2
/g.  
The developed Pt/TiN catalyst is promising for use in catalytic and photo-
catalytic air purification devices at low CO concentrations, subject to further 
research. 
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